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 1 Introduction 
1.1 Background 
According to the National Highway Transportation Safety Administration, there are more 
than 40,000 deaths on highways each year regardless of the increasing public concern and 
awareness for the use of safety restraints. To alleviate the number of highway accidents 
each year, automotive manufacturers are augmenting current passive safety programs 
with the development of in-vehicle collision warning and avoidance systems (Runge, 
2005). In the public domain, significant efforts are underway in the Intelligent Vehicles 
Initiative (IVI) set up by U.S. Department of Transportation to prevent motor vehicle 
crashes by assisting drivers in avoiding hazardous mistakes (USDOT IVI, 2002). One IVI 
focus area, Collision Avoidance Systems (CAS) is a subset of Advanced Vehicle Control 
Safety Systems (AVCSS) which is under the umbrella of Intelligent Transportation 
Systems (ITS). Primary directions of CAS research include determining intelligent 
system implementation strategies and technologies in vehicles and roadway 
infrastructure, as well as optimizing the driving performance of different populations of 
drivers when using such avoidance and warning systems. 
1.2 Driver Warning Systems  
In the future implementation of Collision Avoidance Systems (otherwise known as 
Driver Warning Systems), vehicles will communicate with other vehicles as well as with 
the roadway infrastructure via sensors and telecommunication networks. Vehicle-to-
vehicle CAS include warnings that trigger when a vehicle is about to collide with another 
vehicle. Examples of current systems under investigation include frontal collision 
warnings, rear collision warnings and blind spot detection warnings. Vehicle-to-
infrastructure CAS include warnings that trigger when a vehicle is about to collide with 
or violate the roadway infrastructure. Examples include intersection warnings, lane 
departure warnings, curve speed warnings and road-condition warnings. 
1.3 Situation Awareness 
A general, widely applicable definition describes situation awareness as “the perception 
of the elements in the environment within a volume of time and space, the 
comprehension of their meaning and the projection of their status in the near future” 
(Endsley, 1988). There are three levels of situation awareness: perception, 
comprehension and future projection. These higher levels of situational awareness allow 
people to function in a timely and effective manner. Driver warning systems is designed 
to improve driving safety via enhancing driver’s situation awareness in dangerous driving 
conditions.  
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1.4 Human Factors Concerns 
Driving in a dynamic environment has become increasingly complex, such that drivers 
must make decisions in a dynamic and potentially high mental workload environment 
which includes visually tracking objects, monitoring a constantly changing system, and 
managing traditional in-vehicle as well as telematics information. Introducing intelligent 
alarms into vehicles could add to the complexity of this dynamic environment. One 
human factors issue of concern involves the warnings or alarms that comprise driver 
warning systems which could include nuisance alarms, ambiguous alarms, alarm 
inflation, etc. It is important that alarms are informative in alerting drivers to the 
condition at hand, without overwhelming them with too much or inadequate information. 
Such information may be embedded in the nature of the alarm (i.e. a speech warning), or 
may come from the driver awareness of the context (Woods, 1995).  
 
Several studies have been conducted to determine the effectiveness of intelligent alerting 
systems for warning drivers of impending collisions. The effectiveness of such warning 
systems on different age groups has been studied (Maltz, Sun, Wu & Mourant, 2004), as 
well as on comparing the effectiveness of alarm warnings presented through different 
modalities: visual (General Motors Corporation & Delphi-Delco Electronic Systems, 
2005), audio and haptic (Tijerina et al.,  2000), as well as the multi-staged alert strategies 
for impending collisions (Lee & Hoffman, 2004). Further research has also been 
conducted on drivers’ performance in distinguishing between aural alarms like auditory 
icons and beeps (Graham, 1999), as well as the effectiveness of visual warnings like 
icons or warnings signs (General Motors Corporation & Delphi-Delco Electronic 
Systems, 2005). While these studies have comprehensively studied a number of critical 
issues in the introduction of intelligent predictive alarms into the driving domain, no 
study has directly compared the effects of the integration of multiple driver warning 
systems or intelligent alarms on the perception, recognition, subsequent action and 
overall situation awareness of drivers. Of particular concern is how the presentation of 
different alerts could affect drivers’ performance, and how interactions among the various 
other alerts, different alert management schemes, system reliabilities, and distractions 
combine to affect situational awareness of drivers.  
1.5 Research Focus 
This study addresses this gap in CAS and intelligent alarm research by examining 
whether or not a single master alarm warning versus multiple warnings for the different 
collision warning systems conveys adequate information to the drivers. Intelligent driver 
warning systems signaling impending frontal and rear collisions, as well as unintentional 
lane departures were used in this experiment, and all the warnings were presented to 
drivers through the auditory channel only. We investigated two critical research 
questions in this study:  
1. Do multiple intelligent alarms as opposed to a single master alarm affect drivers’ 
recognition, performance, and action when they experience a likely imminent 
collision and unintentional lane departure? 
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2. Is driver performance and overall situation awareness under the two different 
alarm alerting schemes affected by reliabilities of the warning systems?  
 
2 Methods 
2.1 Participants  
Forty eight licensed drivers volunteered to participate in this experiment. Eight 
participants dropped experiment due to motion sickness. For the forty participants (17 
females and 23 males) who successfully completed the experiment, their ages ranged 
from 18 to 40 years, with the mean age of 25.8 years, and standard deviation of 5.43 
years. Their driving experience ranged from 0.5 to 24 years, with a mean of 7.21, and 
standard deviation of 5.03 years.  
 
Participants received $15- $20 for successfully completing the experiment. The baseline 
of compensation was $15 with the potential to earn bonuses (up to $5 for each testing 
scenario) if the participant completed driving task within the expected time. However, the 
participants would be penalized for collisions, driving too slowly, traffic violations such 
as running traffic lights and speeding, and performing poorly on the secondary task. For 
detailed compensation method, see section of Testing Instructions in Appendix A. 
2.2 Apparatus  
A driving simulation test bed was developed using STISIM Drive™ Build Simulation 
System developed by Systems Technology, Inc. Scenarios were built using the Scenario 
Definition Language (SDL) and modifications were made using the STISIM Drive™ 
Open Module code. The experiment was conducted on a fully instrumented, fixed-based 
driving simulator, a 2001 Volkswagen™ Beetle, named “Miss Daisy” (see Figure 1).  
 
The rearview was provided through a projection on the front screen. Subjects interfaced 
with the brake pedal, accelerator pedal and steering wheel, which provided force 
feedback for a degree of realism. The speedometer, turning signals, hazard lights, seat 
adjustments, air conditioning were fully functional. Auditory output, namely vehicular 
motor sounds and the pertinent alarm warnings were broadcast through the in-car radio 
sound system. The virtual environment was projected onto a large wall-mounted eight 
feet by six feet projector screen six feet in front of the driver. This provided an 
approximately 30° horizontal field of view. A secondary small screen with a number 
keypad connected was on the right side of the driver. Figure 2 illustrates the driving 
environment and the secondary task screen. 
 
The software running in the background recorded all the driving information including 
distance that the subject driver has completed, the current speed, as well as the steering, 
throttle and braking input counts.  
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Figure 1 Exterior of Miss Daisy 
 
 
 
Figure 2 Interior of Miss Daisy 
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2.3 Experimental Design 
A 4x2x2 mixed factorial design was adopted to investigate the impact of the different 
alarm alerting schemes, different driver warning systems, and warning reliability factors 
on driver’s overall situation awareness. 
2.3.1 Factor 1: Driver Warning Systems  
The first factor was driver warning systems which included Frontal Collision Warning  
(FCW), Follow Vehicle Fast-Approach (FVFA), Left Lane Departure Warning (Left 
LDW) and Right Lane Departure Warning (Right LDW). As a within-subjects factor, 
each participant experienced all types of driver warning systems. All the warning events 
were triggered and controlled by pre-programmed conditions in the driving scenario. 
Each event occurred approximately 30-45 seconds apart. The screen shots in Appendix B 
illustrated the events triggering each type of driver warnings.  A movie clip containing all 
4 types of driver warnings is also available on MIT Humans and Automation Laboratory 
Website (http://web.mit.edu/aeroastro/www/labs/halab/media.html). 
Frontal Collision Warning Triggers:
• An oncoming vehicle on the highway that overtook another car, resulting in an 
impending head-on collision. The head-on incoming car swerved back into its 
own lane at the last minute to avoid a collision, but still triggered the FCW 
warning. 
• A lead vehicle on the highway that suddenly braked. 
• A stationary parked vehicle that pulled out from the side of the road into the 
driver’s path.  
• A stationary parked vehicle that backed out from a garage onto the driver’s path, 
and then moved forward into the garage again.  
• The alarm ceased when the driver decreased the closing velocity by braking or by 
swerving to avoid the impending frontal collision.  
Follow Vehicle Fast-Approach Triggers:
• A vehicle quickly approached the driver from the rear with a closing velocity of 
50 feet/second.  
• The rear vehicle approached and overtook on the driver’s left when the 2 vehicles 
were within 2 feet of each other.  
• The alarm ceased when the driver decreased the closing velocity by increasing the 
distance from the follow vehicle or by swerving to avoid the impending collision.  
Left and Right Lane Departure Warning Triggers:  
• The “wind gust” forced a gradual heading change and subsequent lane change to 
the left or right of the subject’s vehicle. 
• The alarm ceased when the driver swerved back into the lane by a steering 
motion.  
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2.3.2 Factor 2: Alarm Alerting Scheme  
The second factor was alarm alerting scheme (single master alarm vs. multiple alarms). It 
was a between-subjects factor. Half of the subjects heard a single master alarm for all 
driver warning systems (FCW, FVFA, Left LDW and Right LDW), while the other half 
heard different alarms for each driver warning system.  
 
Sound files for all alarms were provided by the Ford Motor Company, and consisted only 
of tonal beeps. For the single master alarm, subjects heard a generic tonal beeping alarm 
from both in-car speakers for all types of driver warning systems. For the multiple alarm 
condition, subjects heard the following alarms.  
• FCW: a tonal beep consisting of short phase difference, conveying a sense of 
urgency  
• FVFA: a tonal beep consisting of a longer phase difference 
• Left LDW:  an alert simulating a low frequency rumble strip, broadcast through 
the in-car left speaker  
• Right LDW:  an alert simulating a low frequency rumble strip, identical to the 
Left LDW warning, but broadcast through the in-car right speaker.  
 
It is important to note that while the FCW and FVFA alarms were heard in both speakers, 
directional alarms for the Lane Departure Warnings were used under the multiple alarms 
alerting scheme.  
2.3.3 Factor 3: Reliability of the Driver Warning Systems  
The third factor investigated was the reliability of the driver warning systems. This was a 
within-subject factor, and every subject experienced all the driver warning systems with 
two different reliabilities. In this study, reliability was defined by the ratio of True 
Positive/False Positive events. The ratio of TP:FP for high reliability was 3:1 across the 
four different warning systems, and the ratio of TP:FP for low reliability was 1:3. The 
order in which participants experienced these two different reliabilities was 
counterbalanced to reduce order effects.  
2.3.4 The Secondary Task 
Due to the popularity of telematics in vehicles, attention distraction is becoming an ever-
increasing safety issue in actual driving. There have been numerous studies that 
demonstrate degraded driver performance under secondary task distraction like the use of 
mobile phones, in-car navigational systems, and entertainment systems while driving 
(e.g., Young, Regan & Hammer, 2003). In a previous driving study (Ho & Cummings, 
2005), we also found that drivers’ reaction times significantly increased when presented 
with a secondary task. The secondary task in this study was simulated by a cognitive task 
and required in each driving scenario. Drivers were required to perform a computation 
task which was presented to their right on an internal LCD screen (Figure 3). Participants 
need to read a number string comprised six zeros and one non-zero number on the 
internal LCD screen.  After completing a mental addition sum of the non-zero number 
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and its position in the number string, participants entered the answer via the number 
keypad located just below the internal screen.  For example, if the string displayed was “0 
0 4 0 0 0 0”, the correct answer was 4+3=7. The secondary task occurred at random 
intervals. If participants didn’t respond within 4 seconds, the task would disappear and it 
would be counted as an incorrect answer. 
 
 
 
 
Figure 3 The Internal LCD Screen 
 
2.3.5 Dependent Variables  
One of the primary dependent variables in the experiment was the reaction time to TP 
events. For a FCW event, the reaction time was the time taken to take sharp braking 
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action or sharp steering action to avoid a frontal collision. For an FVFA event, it was the 
time to depress the accelerator pedal or take evasive steering action. For an LDW event, 
it was the time to apply a sharp steering correction in a direction opposite to that of the 
lane departure. The alarm did not stop until drivers took a corrective action (for both true 
and false events). In the case of a false alarm, the time window for measuring the reaction 
time was the cycle of the alarm, approximately 4 seconds. The other primary dependent 
variable was the accuracy of response to the TP and FP events. An accurate response to 
TP events included those cases where the correct corresponding action was taken to avoid 
collisions or lane departures (known as a “hit” in signal detection theory), but also 
included when a false positive event was ignored (aka “correct rejection”).  
 
The secondary variables under investigation in this study were number of collisions and 
secondary task score. The secondary task score was measured by the correctness of the 
mental addition. These two measures reflected our research interests in the effectiveness 
of different types of driver warning systems in terms of driving safety, and the effects of 
driver warnings on secondary task performance. 
2.4 General Procedure 
Test sessions lasted approximately 60 minutes. Prior to the experiment, participants filled 
out an informed consent form (Appendix C), and a pre-experiment online survey 
(Appendix D). The pre-survey assessed participants’ demographic data, driving history 
information, and their tendency for potential motion sickness as well as experience 
playing video games.  
 
In each test session, participants were seated in “Miss Daisy”, and familiarized 
themselves with the car interface. Participants were told to drive as they normally would, 
obeying speed limits and traffic control devices like stop signs and intersection lights. In 
order to reduce any variability between participants with respect to instructions, pre-
recorded instructions were used (See Appendix A for detailed transcripts of instructions). 
For example, every participant heard the same following pre-recorded instructions before 
practice session.  
• You will now begin your training sessions.  
• The training sessions will not be scored, so take your time driving, maintain 
the posted speed limit, and follow any traffic control signs or signals.  
• During your drive, you will experience windy conditions.  
• When that happens, you may unintentionally drift out of your own lane. You 
will hear an alarm sound, and simply steer back onto your lane.  
• If you feel uncomfortable in any way, stop driving, close your eyes, and speak 
with the research assistant.  
• Please make sure the steering wheel is straight and your foot is off the 
accelerator and brake.  
• Soon you will see an image of a road in front of you.  
• When you see that image, begin driving by pressing the gas pedal. 
• Do you have any questions? 
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In the real world, lane departure warnings are potentially useful for drivers who are 
inattentive, distracted or drowsy. Such driver conditions are extremely difficult to 
reproduce in normal experiments. Therefore, participants were told before the experiment 
that they would experience periodic wind gusts while driving.  LDW events were created 
by forcing a lane change maneuver on the drivers via a “windy’ condition in this driving 
study. 
 
In each testing scenario, there were 8 warning events for each driver warning system. The 
32 warning events were randomly interspersed in each driving scenario to balance the 
order effect (see Appendix E). Depending on the reliability levels, there were 24 true 
warning events and 8 false alarms, or 8 warning events and 24 false alarms in each 
driving scenario. 
 
The experiment consisted of three practice scenarios preceding two testing scenarios.  
Only daylight and dry road conditions were simulated. For the three training scenarios 
(15-20 minutes in total), participants acclimated to the simulator in an urban setting 
followed by a mountainous setting and also practiced driving while performing the 
cognitive load task. In the practice scenarios, participants encountered impending 
collisions and heard the warning alarms for the different driver warning systems, and also 
experienced false alarms. In the subsequent two testing scenarios (15 minutes each), 
participants drove through approximately 42,000 feet of roadways consisting of both 
urban and highway settings, and encountered the collision events presented in 
randomized order. Participants were required to drive while performing a cognitive load 
task. After participants completed the testing scenarios, they filled out a post-experiment 
online survey (Appendix F). 
3 Results 
3.1 Reaction Time 
One of our primary research interests in this study was how driver warning systems, 
system reliability, and alarm altering scheme affected the reaction times for true positive 
events.  Figure 4 provides an overview of how these factors affected reaction time.  
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Figure 4 Reaction Time to True Positive Events across all Factor Levels 
 
 
Further analysis was conducted by GLM repeated measures with alarm alerting scheme 
as a between-subjects factor, and driver warning systems and reliability as within-
subjects factors (see Appendix G).  All data met normality and homogeneity assumptions 
and all α = .05. The alerting scheme factor (single/multiple alarms) was not a significant 
factor in affecting the TP reaction times (F(1, 38) = 0.00004, p = 0.995). Types of driver 
warning systems (FCW/FVFA/LLDW/RLDW) and system warning reliabilities 
(high/low) factors were significant, (F(3, 114) = 91.244, p < .001) and (F(1, 38) = 9.649, 
p < .01) respectively. There was a significant interaction effect between types of warning 
systems and reliability (F(3, 114) = 8.559, p< .001) but no significance between alerting 
scheme and reliability.  
 
Figure 5 demonstrates that reaction time to FCW alarms were the shortest, followed by 
that of the left and right LDW alarms. Reaction times to FVFA events show both a 
marked increase and a larger variance in performance. According to Bonferroni pairwise 
comparisons, the reaction times were significantly different for all pairings (p < .001) of 
the warning systems. From the interaction graph between the factors of driver warning 
systems and reliabilities (see Figure 6), while reaction times were relatively constant 
across low and high reliabilities, the FVFA reaction times were significantly longer for 
the low reliability case as opposed to the high condition.   
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Figure 5 Pairwise Comparisons of Reaction Time  
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Figure 6 Interaction Effect: Driving Warning Systems X Reliability 
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3.2 Response Accuracy  
Participants were generally accurate in determining the correct response to a given event, 
whether it be to intervene in the case of a true event or to take no action in the case of a 
false alarm. Over all test scenarios, 72% events were handled correctly (see Table 1).   
 
Table 1 Response Accuracy across all Factor Levels 
 
  Correct 
Response 
Rate 
Incorrect 
Response 
Rate 
Missing 
Data Rate 
Total 
events 
Overall  72% 21% 7% 2480 
      
Single 72% 21% 7% 1240 Alarm 
Scheme Multiple 72% 22% 6% 1240 
      
FCW 73% 24% 3% 640 
FVFA 58% 22% 20% 640 
Left LDW 81% 18% 1% 600 
Driver 
Warning 
System 
Right LDW 77% 21% 2% 600 
      
Low 58% 41% 1% 1240 Reliability 
High 86% 1% 13% 1240 
 
Because of the dichotomous nature of the accuracy dependent variable (either correct or 
incorrect given the two different TP:FP ratios), a non-parametric chi square test was used 
to examine the main factors.  The results are very similar to the reaction time results, in 
that the multiple versus single alarm condition was not significant (χ2 = .251, df = 1, p = 
.616), but the different warning systems and reliability were significant (χ2 = 14.121, df 
=3, p < .01 and χ2 = 548.0, df = 1, p < .001 respectively).  Figures 7 and 8 illustrate the 
main effects of driver warning systems and reliability (missing data not included).  
Participants were generally correct (either responding correctly to a true alarm or not 
responding in a false condition), but their error rate significantly increased when they had 
an unreliable system. Interestingly, Figure 7 shows that the error rates for responding to 
alerts in the front and rear quadrant were slightly higher than for the left and right. Figure 
9 illustrates participants’ responses for the different warning systems under both system 
reliabilities. This further demonstrates that the low reliability condition contributed to 
participants’ errors in their initial responses. When only examining whether or not the 
responses to the false alarms were correct, the different driver warning systems were 
significant (χ2 = 8.31, df = 3,  p = .04), but again the single vs. multiple alarm factor was 
not (χ2 = .120, df = 1, p = .729). 
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Figure 7 Response Accuracy:  Main Effect of Driver Warning Systems 
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Figure 8 Response Accuracy: Main Effect of Reliability 
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Figure 9 Response Accuracy: Interaction Effect 
3.3 Secondary Task Performance 
A non-parametric Mann-Whitney U test was selected to analyze the effect of alarm 
altering scheme (single vs. multiple alarms) on the number of collisions because the 
alarm altering scheme was a between-subjects factor and the frequency data failed the 
normality test. The reliability of driver warning system (within-subjects factor) did affect 
the number of collisions in the driving scenario according to the Non-Parametric 
Wilcoxon-Signed test (Z = -2.696, p < .01). This result is obvious and expected since 
high reliability has more true events. However, the alarm altering scheme did not affect 
the number of collisions in the driving scenario for both low and high reliability (in the 
high reliability testing scenario, Mann-Whitney U = 190.5, p=.784 while in the low 
reliability testing scenario, Mann-Whitney U = 176, p=.392.) 
 
The secondary task score was based on the accuracy of mental calculations, and was 
analyzed using non-parametric Mann-Whitney U test. This analysis showed that the 
alarm altering scheme did not affect secondary task performance in the high reliability 
testing scenario (Mann-Whitney U = 185.5, p=.693), but it showed a main effect on 
secondary task performance in the low reliability testing scenario (Mann-Whitney U = 
128, p<.05). Participants performed the secondary task better with the single alarm 
altering scheme than with the multiple alarms altering scheme when the reliability of 
driver warning system was low.  Non-Parametric Wilcoxon-Signed test also indicated 
that reliability had marginal significant effect on the secondary task (Z = -1.798, p <.01). 
Participants performed secondary task better in low reliability driving scenario than in 
high reliability driving scenario.  
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4 Discussion 
This study yielded several important findings. The properties of driver warning systems 
could significantly affect drivers’ reaction time and response accuracy. Although alarm 
alerting scheme did not affect reaction time, driver warning systems and reliability of 
warnings could significantly affect reaction time. Response accuracy also had similar 
result pattern. Reliability was found as the only factor influencing the number of 
collisions; however, high reliability means more actual warning events in this study.  In 
terms of secondary performance, participants did better in low reliability testing scenario 
than in high reliability scenario. These findings will be discussed below in conjunction 
with survey data form this study.   
4.1 Different Driver Warning Systems 
There was a significant statistical difference in drivers’ reaction times to the different 
intelligent warnings in a true event, with the largest reaction times occurring in the 
Follow Vehicle Fast-Approach condition. Reaction times to the FCW events were the 
shortest, while those to the Left and Right LDW were about the same. This is expected, 
since subjects’ attention was focused mainly on the front visual scene. An impending 
frontal collision would elicit a quick reaction time on the order of 0.5 seconds. However, 
lane drifts did not have this inherent connotation of urgency associated with it, especially 
if participants were driving on an empty highway. 
 
Reaction time was much longer for responses to a potential rear collision for a variety of 
reasons. First, the delay may be caused by attention allocation. Participants directed most 
of their attention resources to the forward visual scene and to the secondary task which 
occurred throughout the drive rather than to the rear-view mirror image. In addition, 
when participants heard the FVFA alarm, they needed to predict the rear car’s potential 
behavior. Thus, participants took longer to decide if the follow-vehicle was indeed 
closing in on their car, and then respond accordingly.  
In subjective evaluations, 37% of the participants felt that the FCW alarms offered a 
timely warning in alerting them to impending collisions, as compared to a much higher 
79% and 74% for the FVFA and LDW alarms respectively (see Table 2). This forward 
collision hazard may have been more obvious to participants and so the FCW alarm 
seemed less useful. Alternatively, this difference between subjective preferences for 
frontal and rear collision warnings as well as the difference in objective reaction times 
may be due to the desire to cognitively offload the rearview monitoring task, especially 
since participants were distracted. Spare cognitive resources were used for the secondary 
task, which in the real world could be talking on a cell phone or interacting with a 
navigation system.  Because potential critical events in the rear require an extra step of 
prediction and additional monitoring, participants tended to shed the rear-view 
monitoring task when distracted. This example of cognitive shedding is further evidence 
that for events that are not taking place in the frontal view, drivers need alarm devices for 
situation awareness.  
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Table 2 Subjective Evaluation of Helpfulness of Alarms 
 
Were alarms helpful in: Yes No 
Avoiding a Frontal Collision 37% 63% 
Avoiding a Rear Collision 79% 21% 
Keeping in own lane 74% 26% 
 
4.2 Multiple Alarms vs. Single Master Warning Alarm 
In this study, results showed that there was no significant difference in drivers’ reaction 
times or response accuracies under the different alarm alerting schemes, regardless of 
responses to TP or FP events. This is an important finding since it means that hearing a 
master alarm or different alarms for the four conditions did not have a significant impact 
on drivers’ performances. Nevertheless, it should be noted that the only aural alarms were 
used, and results may differ when combined with haptic and visual alerts or alarms.   
 
According to the post-survey, 98% of participants reported that they were not confused 
by the alarm scheme. Moreover, according to the post survey questions asked to 
determine preference for type of alarms, 26% of the participants preferred the master 
alarm while 74% preferred having distinct alarms for the different driver warning 
systems. Out of the 74%, participants generally preferred auditory beeps as alarms for 
indicating left and right lane drift, and specific voice alerts (e.g. “front hazard”, “rear 
hazard”) for impending directional collisions (although voice alerts were not tested in this 
experiment). This is an interesting finding because even though most people prefer a 
distinct warning for different systems and think they will perform better, their reaction 
times and accuracy results show otherwise. Thus, the objective results did not corroborate 
their preferences. This dissonance between users’ preferences and their performance has 
been established for visual displays (Andre & Wickens, 1995), and this study highlights 
that this discord can also be true for audio displays.  
One artifact of experimental studies such as this is that participants experience an 
unusually high incidence of potential collision events and lane departures in a 
compressed time period. Thus, participants are expecting the alerts to sound and assume a 
higher mental alert state in response to the test conditions. However, in reality the 
incidence of these events will be much lower for an average driver. Since TP events 
would be relatively rare occurrences, whether drivers would know what these distinct 
alarms meant given sporadic usage remains an open question. It is nonetheless 
encouraging that a single master alert appears to work as well as multiple alerts even in a 
laboratory setting.  This might be explained by the fact that the driving context usually 
defines the nature of the crash hazard.  A master alert associated with a lane departure, 
for example, will generally be interpreted as such when the driver perceives the vehicle's 
lane position and yaw angle.  Similarly, a master alert for a forward collision threat will 
also generally become apparent once the driver focuses attention to the forward visual 
field and sees a vehicle or obstacle ahead.   
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4.3 Reliability of the Warnings 
There was a significant difference in drivers’ reaction times when they were driving 
under different system reliabilities. However, this effect must be evaluated in light of the 
significant interaction. As illustrated in Figures 5 and 7, the difference in system 
reliability primarily affected only the FVFA condition. Under this condition, participants’ 
TP reaction times were shorter for the high reliability condition as compared to the low. 
This was generally expected under all conditions but only demonstrated under the FVFA 
condition. Since the rear quadrant events were more difficult to detect and correct for, the 
addition of an unreliable system caused participants to delay decisions to brake even 
further. 
 
While there is a small effect of reliability of participants’ reaction time, there is a much 
more significant difference in accuracy of responses to the different reliability levels. 
Responses to the highly reliable system were much more accurate than for the less 
reliable system. According to Figure 6, when the reliability level is high, there was 
essentially no difference between accuracy responses for the different warning systems, 
and when it is low, the correct responses to the different alarms dropped dramatically. 
Furthermore, correct rejection of false alarms dropped from 98.3% for a system with high 
reliability (25% false alarm rate) to 60.7% for the system with low reliability (75% false 
alarm rate).  
 
On the whole, the rates for responding accurately were generally high (see Table 1). Most 
of the inaccuracies came from responses to the false warnings, which were particularly 
problematic in the low reliability condition. Figure 6 demonstrates the interaction 
between reliability levels and warning systems on response accuracy rates.  While the 
LDW system appeared to produce the best performance under low reliability, the 
remaining systems were between 50-60% in terms of accuracy performance.  The 
significant drop of error rate across all four warning systems from low to high clearly 
demonstrates that reliability of alerting systems is critical in achieving superior human 
performance. 
 
In terms of subjective assessments, according to post-survey results, 33% of participants 
felt that the alarms were an annoyance; 27% felt stressed by the alarms, and 22% felt that 
the alarms were distracting and adversely affected their driving. These results illustrate 
that even if the participants did well in terms of driving performance, many perceived the 
alarms negatively. This perception could have been, in part, a function of the nature of 
the experiments during which alarms constantly sounded, especially in the low reliability 
test sessions.  
 
A high percentage of participants reported on the post-survey that they knew when an 
alarm was a false one (see Table 3). Yet a consistently lower percentage of participants 
correctly rejected a false alarm by not responding. This illustrates that even though 
participants thought an alarm was false, they still responded. One reason might be that 
when the participant heard an alarm, it was instinctive to respond. Furthermore this could 
be a “better-be-safe-than-sorry” risk-averse attitude because no negative costs were 
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incurred since there was no penalty for responding to a false alarm. This result also 
illustrates that there is a bias in subjective assessment of performance and that the 
participants tended to overestimate their performance, which is a well-established 
phenomenon (Tversky & Kahneman, 1974).  
 
Table 3 Subjective and Objective Measures of False Alarm Awareness 
 
Did participants know a False Alarm when they heard one? Subjective 
Yes 
Objective 
Yes 
FCW alarm 92% 48.8% 
FVFA alarm 88% 51.9% 
Left LDW alarm  82% 66.3% 
Right LDW alarm 88% 52.5% 
 
4.4 Safety Implication 
The results from this study showed that the number of collisions was only affected by the 
reliability of driver warning systems. Specific driver warnings may not be helpful in 
reducing the number of collision. Since different types of driver warning systems lead to 
the same level of driving safety, driver warnings could be customized according to 
drivers’ or manufactures’ preferences.  
4.5 The Secondary Task 
In this study, we discovered that the different alarm altering scheme did not affect 
secondary task under condition of high reliability of driver warning systems, however, 
participants performed the secondary task better with the single alarm altering scheme 
under the low reliability condition. This finding suggested that specific warnings are 
more effective when the reliability of driver warning system is low. Both secondary task 
and warning events could be happening simultaneously or separately in testing scenario. 
It might be interesting to do a further comparison of performance impact in these two 
conditions.  
4.6  Limitations and Future Work 
Due to technology limitations and resource constraints, there are several important issues 
that need to be addressed in future studies.     
4.6.1 Field-of-view  
The field-of-view was only limited to the front, and no side-mirrors were provided. This 
limitation caused some serious problems in the driving simulation including a lack of 
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peripheral cues and an inability to detect blind spots. As a result, many participants drove 
at higher speeds than they though they were.  
4.6.2 The missing modality 
LDWs were triggered by simulating windy events. However, no haptic feedback was 
provided via car movement.  Some participants got confused by the windy events because 
the trees did not move in the windy events.  
4.6.3 Other reliability issues 
The reliability investigation in this study only considered the false alarm and true positive 
conditions of the individual alarms. Other reliability issues should be considered in the 
future studies such as failure to trigger appropriate driver warnings and triggering wrong 
driver warnings.      
4.6.4 Data capture improvements  
The current algorithm which detects reaction time in response to the FVFA alarm must be 
redesigned. The current algorithm did a poor job in registering FVFA reaction times. The 
failure rate was 42.5%.  
5 Conclusion 
A significant finding of this study is that even though participants preferred distinct 
alarms for different driver warning systems, their objective performance showed no 
difference in reaction times and accuracy of responses to a single versus multiple alarms 
for the different driver warning systems. This is an important finding since it implies that 
if performance is unaffected, automotive manufacturers can customize the alerting 
schemes of driver warning systems to the customers’ desires, or use a simple master 
alerting scheme for vehicles where cost savings are important.  However, these results are 
only applicable to aural alerting schemes and this work should be extended to include 
integration with visual and haptic alerts. 
 
While not unexpected, the results that demonstrate that low reliability can dramatically 
(and negatively) influence human performance further highlight the need for the 
development of highly reliable intelligent warning systems. While intelligent driving 
warning systems can serve as an additional protection to drivers in times of urgent or 
emergent events, as demonstrated in this study, decreased system reliability can 
dramatically increase incorrect responses to these systems. If there is a high incidence of 
false alarms for intelligent warning systems, drivers might be better served by not having 
such intelligent aids at all. 
 
The following conclusions summarized the major findings in this driving study.  
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1. The primary objective dependent measures – reaction times and accuracy of 
responses demonstrated similar trends 
2. There is no significant difference in driver performance regardless of alarm 
altering schemes (single vs. multiple alarms). All the alarms in this study were 
tonal beeps only. Specific voice alters might change the result. 
3. Participants had overwhelming preference for distinct alarms even though 
performance indicates no difference.  
4. Automobile manufacturers can customize alarms to drivers’ desires or provide a 
single alarm for cost effectiveness 
5. Unreliable systems can negatively impact driver performance, in terms of 
inducing stress and distraction. When many false alarms were present in the 
systems, accuracy of initial responses dropped significantly (about 40%).  
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Appendix A Transcripts of Voice Instructions  
Introductions 
  
01.silentphone.mp3 
 
Please remember to turn your cellular phone to the silent mode.  
 
01.INTRODUCTION.mp3 
Hello and welcome to the MIT driving lab. 
Please make yourself comfortable, and adjust your seat as you would if you were driving 
a real car. 
This car functions as an automatic so you will not need to shift or use the clutch. 
Look directly ahead and you will see a large screen, which will soon display the driving 
course. 
On the right side of the screen, a rearview mirror is projected.  
The simulator also has a working speedometer and functional turning signals.  
During the simulated drive over the next 40 minutes, you are going to drive through 
different types of environments.  
You will be hearing warning alarms sound during your drive.  
This may mean that you are encountering a potential frontal collision, rear collision, or 
that you are drifting out of your own lane.  
In such cases, if you do not take a corrective action, a crash is imminent. 
However at other times, the warning alarms may just be false alarms. This means that 
there are no potential collisions taking place, and the warning alarms are false alerts.  
You will now hear some examples of the warning alarms  
* plays master alarm
* Alarm alerting scheme is a Between-Subject factor, so half of the subjects under 
the Master alarm alerting scheme heard the following instructions:   
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02A1.MasterAlarm.mp3 
If you are about to have a frontal collision, a rear collision, or  
If you drift out of your lane onto either the left or ride side of the road, you will hear this 
alarm sound: 
*plays master alarm
02A2.AfterMasterAlarm.mp3 
 
You have heard the same alarm sound. 
When you hear such an alarm, it may mean that you are experiencing a variety of events.  
Firstly, you may be about to have a frontal collision. To avoid a crash, you can either 
apply the brakes or swerve onto the sidewalk 
You may also be about to have a rear collision. To avoid being rear-ended, you can either 
Speed Up or swerve onto the sidewalk. 
In addition, you may also be drifting out of your lane.   
When this happens, You should maintain control of the steering wheel and go back into 
your lane.  
 
• … while the other half under the Multiple alarm alerting scheme heard this.  
02B1.FrontAlarm.mp3 
If you are about to have a frontal collision, you will hear this alarm sound: 
*plays alarm. 
02B2.AfterFrontAlarm-BeforeRear.mp3 
When you hear such an alarm,  
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You can either apply the brakes or swerve onto the sidewalk to avoid a frontal crash.   
If you are about to have a rear collision, you will hear this alarm sound: 
*plays alarm. 
02B04.AfterRearAlarm-BeforeLeft.mp3 
When you hear such an alarm,  
You can either Speed Up or swerve onto the sidewalk to avoid a rear crash.   
If you drift out of your lane onto the left unintentionally, You will hear this alarm sound:   
*plays alarm. 
02B06.AfterLeftLane-BeforeRight.mp3 
When you hear such an alarm,  
You should maintain control of the steering wheel and go back into your lane.  
If you drift out of your lane onto the right unintentionally,  
You will hear this alarm sound:   
*plays alarm. 
Afterrightlane-fast 
When you hear such an alarm,  
You should maintain control of the steering wheel and go back into your lane.  
03.IntroductionCont.mp3 
 
Please note that the alarms for the left and right lane deviation sound the same, but you 
have heard the left alarm through the left speaker, and the right alarm through the right 
speaker. 
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Please keep in mind that when you hear a warning sound, it may also just be a false 
alarm. 
The drive is divided into 5 sessions -   
3 training sessions, and 2 testing sessions.  
At all times during your journey, please stay on the main road without turning off at 
intersections.  
You will hear additional instructions for the training sessions before we begin the testing 
sessions.  
Do you have any questions? 
Speedlimit.mp3 
If you look at the speedometer, the numbers above represent speed in miles per hour, and 
the numbers below represent speed in kilometers per hour.   
Speed limits are given in miles per hour. 
 
throttle.mp3 
 
Please make use of the practice sessions to get used to the throttle and breaking 
sensitivities of the car. 
Practice Instructions 
 
04.FirstTraining.mp3   
You will now begin your training sessions.  
The training sessions will not be scored, so take your time driving, maintain the posted 
speed limit, and follow any traffic control signs or signals.  
During your drive, you will experience windy conditions.  
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When that happens, you may unintentionally drift out of your own lane. You will hear 
an alarm sound, and simply steer back onto your lane.  
If you feel uncomfortable in any way, stop driving, close your eyes, and speak with the 
research assistant.  
Please make sure the steering wheel is straight and your foot is off the accelerator and 
brake.  
Soon you will see an image of a road in front of you.  
When you see that image, begin driving by pressing the gas pedal. 
Do you have any questions? 
*First PRACTICE
05a.FirstEnd-AlarmQuiz.mp3 
You have just completed the first training session.  
*Ends here for single alarm scenarios, continues for multiple alarm scenarios. 
Before the next training session begins, you will do a little quiz on the alarms.  
You will hear an alarm sound, and after that, please say out loud what alarm you think 
that was for:  A frontal collision, a rear collision, a left lane drift, or a right lane drift. 
• Plays alarms until he gets it right 
 
reminder.mp3 
Please be reminded of the following: 
Firstly, if you see a potential rear collision, please jam the throttle and speed up or swerve 
onto the sidewalk. 
Secondly, if you see a potential frontal collision, please jam the brakes or swerve onto the 
sidewalk. 
Thirdly, please do not speed.  You should monitor your speed from time to time, as the 
simulator does not give a good impression of speed. 
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Lastly, please stop right at the stop sign and right at the traffic light, and not before. 
05a.SecondTraining.mp3 
Now that you recognize the alarms, we will begin the next training session.  
For this next training sessions and subsequent driving to come, you will hear music 
playing through the radio but you are not allowed to have a choice of stations. 
Please make sure the steering wheel is straight and your foot is off the accelerator and 
brake.  
Do you have any questions? 
*SECOND PRACTICE 
05a. SecondEnd-TryTask-TaskInstructions.mp3 
You have just completed the second training session.  
For this next training scenario, you will be asked to complete a task while driving. 
Your responses to the task will be recorded for scoring purposes. 
Let’s try the task. 
You are now going to be asked to use the screen to your right to complete the next task. 
 
You will see 7 numbers in succession on the screen, of which there will be 6 zeros and 1 
other non-zero number.  
Your task is to do math addition, adding up the position of the non-zero number, and the 
number itself.  
You will use the number keys on the number pad, to respond. 
For example, if you see 0 2 0 0 0 0 0 displayed on the screen, the correct answer is the 
total sum of the non-zero number, 2, and its position, 2, which equals 4.  
You will enter 4 on the number key pad as the right answer. 
However, if you see 0 5 0 0 0 0 0, the correct answer is the total sum of the non-zero 
number 5, and its position 2, which equals 7.  
You will enter 7 on the number key pad as the right answer. 
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The task will occur at points during your drive.  
Once you complete the task, please look ahead to the screen in front, and continue 
driving. 
Your score will be computed at the end of each drive, on a percentage scale.  
Let’s practice this task.  
Do you have any questions?  
*Practice Tasks 
05a.Prac3Intro.mp3 
Now that you recognize the alarms, we will begin the next training session.  
You will drive through the last training session and perform this task at the same time.  
Prac3-Fast.mp3 
The task is designed to be difficult for everyone. That is, everyone will not be able to 
answer every question correctly and maintain good driving at the same time.  
Please keep in mind that your primary job is always to maintain safe driving 
Take your time driving, maintain the posted speed limit, and follow any traffic control 
signs or signals.  
If you feel uncomfortable in any way, stop driving, close your eyes, and speak with the 
research assistant.  
Please make sure the steering wheel is straight and your foot is off the accelerator and 
brake.  
After this training session, you will hear additional instructions, before you begin the 
testing segments. 
Do you have any questions? 
* starts 3nd practice 
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Testing Instructions 
 
07.StartTesting.mp3 
Now that you are familiar with the driving simulator, it is time to start the testing 
sessions. 
07.StartTesting—MONEY - BREAK 
You will earn $15 for completing the drive and up to an additional $10 bonus depending 
on your driving performance and your performance on the task that you just practiced.  
Therefore, if you perform well, you will earn up to $25 today.  
In addition, if you have the highest score in this experiment compared to other 
participants, you will get at $100 Amazon.com voucher. 
You will be penalized $1 if you do not stop at a stop sign, or if you run a traffic light. 
If your drive time exceeds 15 minutes, you will be penalized $1 for every minute that you 
arrive late.  
However, you will be penalized $2 for every crash that occurs and $2 if you speed 
excessively during the drive.  
During the drive, the speed limit is 55 miles per hour on most parts of your journey. 
Like in real life, you are more likely to receive a ticket for going 80 miles per hour than 
for going 65 miles per hour on the journey.  
You will have to monitor your own speed as you will not be pulled over for speeding and 
traffic violations. 
Please note that you will be penalized more for crashes than for traffic violations and that 
you will be penalized more for speeding than for arriving late.  
If you follow the posted speed limits, you will be able to complete your journey in time.  
Before we start the next testing session, would you like to have a break?  
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reminder.mp3 
Please be reminded of the following: 
Firstly, if you see a potential rear collision, please jam the throttle and speed up or swerve 
onto the sidewalk. 
Secondly, if you see a potential frontal collision, please jam the brakes or swerve onto the 
sidewalk. 
Thirdly, please do not speed.  You should monitor your speed from time to time, as the 
simulator does not give a good impression of speed. 
Lastly, please stop right at the stop sign and right at the traffic light, and not before. 
08.Testing1.mp3  
You are about to begin a testing segment. 
Your scores will be recorded for scoring purposes, and you will be penalized for crashes, 
traffic and speeding violations.  
You will have to perform the task while driving, and will also be able to earn bonuses 
based on your performance.  
Please keep in mind that your primary job is always to maintain safe driving 
Remember not to turn off at intersections, and maintain the posted speed limit. 
If you feel uncomfortable in any way, stop driving, close your eyes, and speak with the 
research assistant.  
Please make sure the steering wheel is straight and your foot is off the accelerator and 
brake.  
When you see the image of the road in front of you, you may begin by pressing the gas 
pedal.  
Do you have any questions? 
*Starts testing. 
09.InBetween.mp3 
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You have finished the first testing scenario. 
Great job! 
 
break.mp3 
Before we start the next testing session, would you like to have a break? 
 
10.Testing2.mp3  
You are about to begin the last testing segment. 
When you see the image of the road in front of you, you may begin by pressing the gas 
pedal.  
Do you have any questions? 
*Start second testing segment. 
11.END.mp3 
You have now successfully completed the testing sessions. 
Congratulations!  We hope that you have enjoyed your drive. 
You may now exit the car.  
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Appendix B Screenshots 
FCW Triggering Events 
 
1. Oncoming vehicle on highway that overtakes another car, resulting in a head-on 
impending collision. The head-on oncoming car does not swerve back into its 
own lane. 
 
 
Figure 1: At Top of Hill, an Oncoming Car Appears 
 
 
Figure 2: Oncoming Vehicle Imminent Collision 
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2. Moving vehicle on highway that brakes suddenly 
 
 
Figure 3: Suddenly Braking Car 
 
3. Stationary parked vehicle that pulls out from the side onto the driver’s path. 
 
 
Figure 4: Stationary Car Pulling into Driver's Path 
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4. Stationary parked vehicle that backs out from a garage onto the driver’s path, and 
then backs into the garage again.  
 
 
Figure 5: Rows of Parked Cars in Housing Estate 
 
 
Figure 6: Car Backing Out & In of Garage 
 - 34 -   
5. A tree fallen across the driver’s lane and the driver is forced to swerve to avoid a 
collision. The tree appears at the top of a vertical curvature segment of the road, 
and so prevents the driver from seeing the object too early. 
 
 
Figure 7: Tree across Highway 
 
FVFA Triggering Events 
 
There is basically one type of FVFA triggering event which was a vehicle that quickly 
approaches the driver from the rear, with a closing velocity of 50 feet/second more than 
the speed of the driver. There were two ways by which the other vehicle could retreat at 
the last moment without crashing into the subject driver: 
 
1. The moving rear vehicle surges up to the driver, and then backs off at the 
last moment when the 2 vehicles are within 2 feet of each other. 
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Figure 8: Rear Car Approaches Driver As Driver Reaches End Of Downhill 
 
 
Figure 9: Rear Car Gets Closer to Driver 
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Figure 10: Rear Car Then Backs Away 
 
2. The moving rear vehicle surges up to the driver, and then overtakes on the 
driver’s left when the 2 vehicles are within 2 feet of each other.  
 
 
Figure 11: Rear Car That Overtakes Driver on Left 
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Figure 12: Rear Car Speeds off after Overtaking 
 
 
LDW Triggering Events 
 
The unexpected “wind gust” will force a gradual heading change and subsequent lane 
change to the left or right of the participant’s vehicle. 
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Appendix C Participant Consent Form 
 
  
CONSENT TO PARTICIPATE IN  
 NON-BIOMEDICAL RESEARCH 
 
Multiple Warnings and Driver Situation Awareness 
 
 
You are asked to participate in a research study conducted by Angela Ho and Dr. Mary 
Cummings from the Department of Aeronautics and Astronautics at the Massachusetts 
Institute of Technology (M.I.T.). You were selected as a possible participant in this study 
because you are between the ages of 18 and 55 and hold a valid drivers license. You 
should read the information below, and ask questions about anything you do not 
understand before deciding whether or not to participate. 
 
• PARTICIPATION AND WITHDRAWAL 
 
Your participation in this study is completely voluntary and you are free to choose 
whether to be in it or not. If you choose to be in this study, you may subsequently 
withdraw from it at any time without penalty or consequences of any kind.  The 
investigator may withdraw you from this research if circumstances arise which warrant 
doing so.   
 
• PURPOSE OF THE STUDY 
 
The study is designed to evaluate how different alarms in Collision Avoidance Systems 
affect human performance.  
 
• PROCEDURES 
 
If you volunteer to participate in this study, we would ask you to:   
 
(1) First fill out pre-test questionnaires on your driving tendencies and experiences. 
(2) Sit in and drive the vehicle simulator “Miss Daisy” through a virtual environment 
as part of acclimatizing yourself with the simulator environment for up to 15 
minutes. 
(3) Various different experimental runs will follow during the next  45 minutes. You 
will be asked to drive through a series of simulated scenarios which will test your 
ability to discriminate between different types of aural alarms (forward collision 
& real collision). Driving data will be collected based on different responses to 
alarms triggered by the collision avoidance systems.  
(4) Lastly, fill out a post-test questionnaire on your simulator experience. 
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• POTENTIAL RISKS AND DISCOMFORTS 
 
There are no major risks anticipated from participation in this study.  There is a slight 
chance of experiencing simulator sickness a similar experience to motion sickness.  
Please inform the experimentor at the first sign of any discomfort.  Should you wish to 
stop or delay the experiment, you are free to do so at any time.   
 
• POTENTIAL BENEFITS  
 
You will have a chance to participate in research that will increase knowledge of human 
behavior and response to different alarms in Collision Avoidances Warning Systems. In 
the future this data may contribute to affecting designs of these systems, and be used to 
improve vehicle and roadway safety.  
 
• PAYMENT FOR PARTICIPATION 
 
Participation in this study is strictly on a volunteer basis and no compensation other than 
the gratitude of the investigators and possibly free snacks and drinks will be provided. 
  
• CONFIDENTIALITY 
 
Any information that is obtained in connection with this study and that can be identified 
with you will remain confidential and will be disclosed only with your permission or as 
required by law.   You will be assigned a subject number that will be used on all related 
documents to include databases, summaries of results, etc.  Only one master list of 
subject names and numbers will exist that will remain only in the custody of Professor 
Cummings. 
 
• IDENTIFICATION OF INVESTIGATORS 
 
If you have any questions or concerns about the research, please feel free to contact 
Angela Ho (617-452-4785) or Dr. Mary Cummings (617-252-1512). 
 
• EMERGENCY CARE AND COMPENSATION FOR INJURY 
 
In the unlikely event of physical injury resulting from participation in this research you 
may receive medical treatment from the M.I.T. Medical Department, including 
emergency treatment and follow-up care as needed. Your insurance carrier may be billed 
for the cost of such treatment.  M.I.T. does not provide any other form of compensation 
for injury.  Moreover, in either providing or making such medical care available it does 
not imply the injury is the fault of the investigator. Further information may be obtained 
by calling the MIT Insurance and Legal Affairs Office at 1-617-253-2822. 
 
• RIGHTS OF RESEARCH SUBJECTS 
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You are not waiving any legal claims, rights or remedies because of your participation in 
this research study.  If you feel you have been treated unfairly, or you have questions 
regarding your rights as a research subject, you may contact the Chairman of the 
Committee on the Use of Humans as Experimental Subjects, M.I.T., Room E32-335, 77 
Massachusetts Ave, Cambridge, MA 02139, phone 1-617-253-6787. 
 
SIGNATURE OF RESEARCH SUBJECT OR LEGAL REPRESENTATIVE 
 
I understand the procedures described above.  My questions have been answered to my 
satisfaction, and I agree to participate in this study.  I have been given a copy of this 
form. 
 
________________________________________ 
Name of Subject 
 
________________________________________ 
Name of Legal Representative (if applicable) 
 
________________________________________  ______________ 
Signature of Subject or Legal Representative  Date 
 
 
 
SIGNATURE OF INVESTIGATOR  
 
In my judgment the subject is voluntarily and knowingly giving informed consent and 
possesses the legal capacity to give informed consent to participate in this research study. 
 
 
________________________________________  ______________ 
Signature of Investigator     Date 
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Appendix D Pre-experiment Survey 
 
Hello and thank you for participating in the Driving Study conducted by Professor Mary L Cummings and 
Angela Ho.  
 
Please fill out the following Pre-Simulation Questionnaire. We look forward to your participation at E40-
292  
 
If you have any questions, please direct them to AngelaHo@mit.edu. Thank you. 
 
Please fill in blanks or circle the one best response unless otherwise noted.   
 
Your answers to these questions will be held confidential.  
 
 
1. What is your subject ID (Part1)?* 
Please ask the research assistant for your Subject ID. 
2. What is your subject ID (Part1)?* 
Please ask the research assistant for your Subject ID. 
3. How old are you? ______________  
 
4. What is your gender?        male        female   
 
5. What is your occupation?  If  student, list your major. 
 
_____________________________________________________________ 
 
6. How many years have you had a valid driving license (answer in years)?      
7. On which side of the road are you used to driving?  If your’e comfortable driving on both sides, 
select “both.”  For example, in the US and Canada, select “right” side of the rod.  In united 
Kingdom and Commonwealth countries, select “left” side of the road. 
  _Right  _Left  _Both 
 
 
8. Do you have a: 
 
a. US License.     
b. Candad.    
c. If International,  which Country? _________________ 
 
9. When was the last time you drove?  Choose your timescale and write it in next to your answer.  
For example “1 month ago” or “2 days ago” or “5 years ago”  _________ 
10. In the last year, how often did you drive? Each ‘time’ is defined by each trip you make on a car.  
 
a. 5 days a week or more     
b. 3 - 4 days a week 
c. a few times each month 
d. Less than 10 times a year 
e. Less than 5 times a year 
 
11. In the last year, on a typical weekday, what is the total distance and time you drove?  
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Please answer considering a day which is typical for you, or approximate the average time you 
would spend driving on a weekday.  _____ miles   _________ hours  
 
12.   On a scale of 1-10, how would you characterize your typical driving behavior? 
 1 being least aggressive, and 5 being most aggressive. 
1 2 3 4 5 
 
 
13. When you drive, do you have difficulty keeping to your own lane?       No 
Yes.   Please further explain when does that happen, and why? 
 
_______________________________________________________________________ 
 
_______________________________________________________________________ 
 
_______________________________________________________________________ 
 
14. Do you feel drowsy right now?  Yes  no 
 
15. In which, if any, of the following do you usually get motion sick? (check all that apply) 
 
o Playing Video Games 
o A train facing backwards 
o A train facing forwards 
o A bus 
o The driver seat of a car 
o The passenger seat of a car 
o The back seat of a car 
o An airplane 
o Moving boat 
o Other please specify _________________ 
o None of the above 
 
 
16.  Do you take motion sickness medication, such as Dramamine, before traveling in? (circle all that 
apply) 
 
o A train      
o A bus    
o Car     
o An airplane       
o A boat       
 
17. How often do you play video games (PS, Xbox, Computer, Arcade, etc) 
Never. No time. 
I play it a few times a year 
I play it a few times a month 
I play it a few times a week 
I play it more than a few times a week, but I can control how much I play. 
I’m addicted.  I have withdrawal symptoms if I don’t play.  Help! 
 
Thank you for completing the survey! Don’t forget to go to E40-292 on your scheduled day for the 
experiment.  Thanks! 
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Appendix E Event Location Distribution 
Testing Scenario One (TP:FP = 3:1) 
 
Distance (ft) TP/FP Left LDW Right LDW FCWS RCWS 
2900 TP TRUE 1    
4340-4500-5300 TP    TRUE 1 
6350 TP TRUE 2    
7900 TP  TRUE 1   
11300 FP  FALSE 1   
12380 TP  TRUE 2   
13900-14200 TP   TRUE 1  
15300-15880 TP    TRUE 2  
17500 - 18300 TP    TRUE 3  
19600 TP TRUE 3    
22000 TP    TRUE 4 
22500 TP   TRUE 2   
24300 TP  TRUE 3   
25600 FP FALSE 1    
26380 TP  TRUE 4   
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27800 FP  FALSE 2   
29300 TP TRUE 4    
32000-3500 TP    TRUE 5 
33800 TP  TRUE 5   
36500 TP   TRUE 3  
37500 TP   TRUE  4  
38800 FP   FALSE 1  
39000 FP FALSE 2    
40200 TP TRUE 5    
41590 
40650 
TP   TRUE 5  
42500 FP    FALSE 1 
44000 TP  TRUE 6   
45000 FP   FALSE 2  
46380 FP    FALSE 2 
47800 TP   TRUE  6  
48500 TP    TRUE 6 
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Testing Scenario Two (TP:FP = 1:3) 
 
 
Distance (ft) TP/FP Left LDW Right LDW FCWS RCWS 
2500 FP FALSE 1    
3800 FP  FALSE 1   
6500 FP    FALSE 1 
7900 TP TRUE 1     
9900 FP  FALSE 2   
11300 FP  TRUE 1   
12380 FP FALSE 2    
13150 FP   FALSE 1  
14148 FP    FALSE 2 
15500-16000 TP    TRUE 1 
17000 FP FALSE 3    
19200 TP  FALSE 3   
20900 TP   FALSE 2  
21900-23000 TP    TRUE 2 
24300 TP   FALSE 3  
26200 TP    FALSE 3 
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27000 FP   FALSE 4  
27800 FP  FALSE 4   
29000 TP   TRUE 1   
31200     FALSE 4 
33200 FP   FALSE 5  
34000 FP FALSE 4    
35200 TP    FALSE 5 
36650 TP   TRUE 2  
37600 TP TRUE 2    
38700 FP FALSE 5    
39700 TP  FALSE 5   
41500 FP    FALSE 6 
46000 FP   FALSE 6  
47300 TP  TRUE 2   
48500 FP FALSE 6    
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Appendix F Post-experiment Survey 
Hello and thank you for participating in the Driving Study conducted by Professor Mary L Cummings and 
Angela Ho.  
 
Please fill out the following Post-Simulation Questionnaire. If you have any questions, please direct them 
to AngelaHo@mit.edu. Thank you.  
 
Please fill in blanks or select the best response unless otherwise noted. Please answer all questions. Your 
answers to these questions will be held confidential.  
Please do NOT discuss the contents of the experiment with anyone as the experiment is still on-going. 
Thank you. 
 
1. What is your subject ID (Part1)?* 
Please ask the research assistant for your Subject ID.  ____________ 
2. What is your Subject ID (Part2)* 
Please ask the Research Assistant for your Subject ID (part2) 
S __   M__ 
 
HEALTH 
 
3. What kind of emotions did you feel while you were driving through the simulation scenarios? 
 
 I did not feel this at all. I felt this somewhat. Describes exactly how I felt 
Challenge    
Enjoyment    
Boredom    
Stress    
Frustration    
 
4. Do you feel unwell right now or during the simulated drive?  Yes No  
 
5. If you answered "Yes to the previous question, how well does each of the following describe 
how you feel now?   
 I do not feel this at all. I feel/felt this somewhat 
Describes exactly how I 
feel/felt. 
Nausea 0 1 2 
Headache 0 1 2 
Eye Strain 0 1 2 
Drowsy 0 1 2 
Dizzy 0 1 2 
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6. At which point during the experiment did you start to feel unwell and experienced the above-
mentioned symptoms? 
 
_________________________________________________________________________ 
 
ALARMS
 
7. While driving, did you think that the alarms gave you timely alert in order to: 
a. Avoid a Frontal collision   Yes  No 
b. Avoid a Rear Collision   Yes  No 
c. keep in your own lane (left and right) Yes   No  
 
8. In what ways were the alarms helpful and/or not helpful in the above situations? 
 
___________________________________________________________________________ 
 
___________________________________________________________________________ 
 
___________________________________________________________________________ 
  
9. When you heard the alarm for the following conditions, did you know what triggered the alarm? 
 
a. Alarm warning of a Frontal collision   Yes  No 
b. Alarm warning of a Rear Collision    Yes  No 
c. Alarm warning of a Lane Drift    Yes   No  
 
10. If you answered “no” to any part of question 9, why not? 
 
___________________________________________________________________________ 
 
___________________________________________________________________________ 
 
11. While driving, you encountered many False Alarms – alarms that went off for apparently no 
reason. Under the conditions listed below, when you heard such an alarm, were you able to 
recognize if it was a False Alarm?* 
 
a. Alarm warning of a Frontal collision   Yes  No 
b. Alarm warning of a Rear Collision    Yes  No 
c. Alarm warning of a Left lane drift    Yes   No  
d. Alarm warning of a Right lane drift    Yes   No  
 
12. If you answered “no” to any part of question 11, why not? 
___________________________________________________________________________ 
 
___________________________________________________________________________ 
 
___________________________________________________________________________ 
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13. If the alarms were not helpful to you, and/or if they also induced a negative emotive response, 
please elaborate on what these responses were. 
 
If you did NOT think that the alarms were unhelpful, you do NOT need to answer this question.
Emotive Responses 
Frontal  
Collision 
 Alarm 
Rear 
Collision  
Alarm 
Left Lane  
Drift Alarm 
Right Lane  
Drift Alarm 
Ineffective - You saw the event before 
you heard the alarms, but the alarms 
didn’t affect you negatively. 
    
Annoying - The alarms were not helpful  
and you wished that you turn them off.     
Stressed - In addition to the impending 
collision, you were stressed by the 
alarms. 
    
Distracting - In addition to being 
unhelpful, they adversely affected your 
driving. 
    
 
 
14. Would you prefer the same warning alarm for all 4 types of events, or different alarms for each 
of the types of events? 
 
_____Same  _____Different 
 
15. What type of alarms do you think that you would have preferred for the following conditions? 
 Beeps Generic Voice Alert  
(“danger” or “hazard” etc)
Specific Voice 
 Alert (“front”, 
“rear” etc) 
Others 
Alarm warning of a frontal  
collision 
    
Alarm warning of a  
rear collision 
    
Alarm warning of a  
Left lane drift 
    
Alarm warning of a 
Right lane drift 
    
 
 
16. If you answered “other” to any part of the question above, please elaborate. 
____________________________________________________________ 
 
PRACTICE & TESTING SCENARIOS 
 
17. While driving through the test scenarios, were there instances where you saw the following 
condition happening, but was waiting to hear the alarm before you took an aversive action?* 
 
Frontal Collision  Yes No 
Rear Collision  Yes No 
Left Lane Drift  Yes No  
Right Lane Drift  Yes No 
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18. Did you have enough practice time for the following before the actual testing scenarios?* 
   
    Getting used to the throttle, brakes, and steering of the car  Yes No 
 Understanding the number task     Yes No 
 Knowing what the alarms meant     Yes No 
  
19. Did you think that the length of the actual TESTING scenarios were: 
 
1st testing -  Too short Too long Just Right 
2nd testing -  Too short Too long Just Right 
 
20. Did you find the number task challenging enough to perform, while maintaining safe   
 driving at the same time?* 
Yes No 
 
Comments 
       _______________________________________ 
 
21. Do you have any comments /constructive criticisms /ideas/suggestions for improvements on the: 
 
Practice scenarios?     _______________________________________ 
Testing scenarios?      _______________________________________ 
How the experiment was conducted, in terms of experimenter’s conduct and overall experience?                
                                    _______________________________________ 
This survey in terms of format, clarity, and succinctness of questions asked, and length?  
                                     ______________________________________ 
Any other comments? _______________________________________ 
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Appendix G GLM Analysis: SPSS Output 
 
Within-Subjects Factors
Measure: MEASURE_1
r1d1
r1d2
r1d3
r1d4
r2d1
r2d2
r2d3
r2d4
direct
1
2
3
4
1
2
3
4
reliabi
1
2
Dependent
Variable
 
 
Between-Subjects Factors
Multiple 20
single 20
.00
1.00
Alarm
type
Value Label N
 
Descriptive Statistics
.4568 .13741 20
.5016 .12948 20
.4792 .13371 40
1.5080 .65030 20
1.5004 .61452 20
1.5042 .62451 40
1.0660 .10652 20
1.1209 .11081 20
1.0935 .11083 40
.9789 .11208 20
1.0205 .08313 20
.9997 .09965 40
.5197 .52044 20
.3279 .25292 20
.4238 .41540 40
1.9764 .89893 20
1.9248 .85890 20
1.9506 .86819 40
1.1443 .11154 20
1.2280 .16087 20
1.1861 .14305 40
.977 .1115 20
1.006 .1652 20
.991 .1398 40
Alarm type
Multiple
single
Total
Multiple
single
Total
Multiple
single
Total
Multiple
single
Total
Multiple
single
Total
Multiple
single
Total
Multiple
single
Total
Multiple
single
Total
High reliability FCW
High reliability FVFA
High reliability Left LDW
High reliability Right LDW
Low reliability FCW
Low reliability FVFA
Low reliability Left LDW
Low reliability Right LDW
Mean Std. Deviation N
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Tests of Within-Subjects Effects
Measure: MEASURE_1
1.129 1 1.129 9.694 .004
1.129 1.000 1.129 9.694 .004
1.129 1.000 1.129 9.694 .004
1.129 1.000 1.129 9.694 .004
.088 1 .088 .751 .391
.088 1.000 .088 .751 .391
.088 1.000 .088 .751 .391
.088 1.000 .088 .751 .391
4.427 38 .117
4.427 38.000 .117
4.427 38.000 .117
4.427 38.000 .117
65.986 3 21.995 91.244 .000
65.986 1.259 52.419 91.244 .000
65.986 1.316 50.140 91.244 .000
65.986 1.000 65.986 91.244 .000
.246 3 .082 .341 .796
.246 1.259 .196 .341 .613
.246 1.316 .187 .341 .622
.246 1.000 .246 .341 .563
27.481 114 .241
27.481 47.835 .574
27.481 50.009 .550
27.481 38.000 .723
3.091 3 1.030 8.559 .000
3.091 1.469 2.104 8.559 .002
3.091 1.554 1.989 8.559 .001
3.091 1.000 3.091 8.559 .006
.207 3 .069 .573 .634
.207 1.469 .141 .573 .516
.207 1.554 .133 .573 .525
.207 1.000 .207 .573 .454
13.726 114 .120
13.726 55.831 .246
13.726 59.052 .232
13.726 38.000 .361
Sphericity Assumed
Greenhouse-Geisse
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhouse-Geisse
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhouse-Geisse
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhouse-Geisse
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhouse-Geisse
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhouse-Geisse
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhouse-Geisse
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhouse-Geisse
Huynh-Feldt
Lower-bound
Sphericity Assumed
Greenhouse-Geisse
Huynh-Feldt
Lower-bound
Source
reliabi
reliabi * Alarm
Error(reliabi)
direct
direct * Alarm
Error(direct)
reliabi * direct
reliabi * direct * Alarm
Error(reliabi*direct)
Type III Sum
of Squares df Mean Square F Sig.
 
 - 53 -   
Levene's Test of Equality of Error Variancesa
.876 1 38 .355
.010 1 38 .920
.133 1 38 .717
.427 1 38 .517
3.815 1 38 .058
.121 1 38 .730
.458 1 38 .503
.394 1 38 .534
High reliability FCW
High reliability FVFA
High reliability Left LDW
High reliability Right LDW
Low reliability FCW
Low reliability FVFA
Low reliability Left LDW
Low reliability Right LDW
F df1 df2 Sig.
Tests the null hypothesis that the error variance of the dependent variable is
equal across groups.
Design: Intercept+Alarm 
Within Subjects Design: reliabi+direct+reliabi*direct
a. 
 
Tests of Between-Subjects Effects
Measure: MEASURE_1
Transformed Variable: Average
372.244 1 372.244 1707.048 .000
8.26E-006 1 8.26E-006 .00004 .995
8.286 38 .218
Source
Intercept
Alarm
Error
Type III Sum
of Squares df Mean Square F Sig.
 
 
 
Estimated Marginal Means 
 
1. Alarm type
Measure: MEASURE_1
1.078 .037 1.004 1.153
1.079 .037 1.004 1.153
Alarm type
Multiple
single
Mean Std. Error Lower Bound Upper Bound
95% Confidence Interval
 
2. reliabi
Measure: MEASURE_1
1.019 .026 .966 1.072
1.138 .037 1.062 1.214
reliabi
1
2
Mean Std. Error Lower Bound Upper Bound
95% Confidence Interval
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3. direct
Measure: MEASURE_1
.452 .034 .382 .521
1.727 .100 1.524 1.931
1.140 .017 1.105 1.175
.995 .014 .967 1.024
direct
1
2
3
4
Mean Std. Error Lower Bound Upper Bound
95% Confidence Interval
 
4. Alarm type * reliabi
Measure: MEASURE_1
1.002 .037 .927 1.078
1.154 .053 1.047 1.261
1.036 .037 .961 1.111
1.122 .053 1.014 1.229
reliabi
1
2
1
2
Alarm type
Multiple
single
Mean Std. Error Lower Bound Upper Bound
95% Confidence Interval
 
5. Alarm type * direct
Measure: MEASURE_1
.488 .049 .390 .587
1.742 .142 1.455 2.030
1.105 .025 1.055 1.155
.978 .020 .937 1.019
.415 .049 .316 .513
1.713 .142 1.425 2.000
1.174 .025 1.125 1.224
1.013 .020 .972 1.054
direct
1
2
3
4
1
2
3
4
Alarm type
Multiple
single
Mean Std. Error Lower Bound Upper Bound
95% Confidence Interval
 
6. reliabi * direct
Measure: MEASURE_1
.479 .021 .436 .522
1.504 .100 1.302 1.707
1.093 .017 1.059 1.128
1.000 .016 .968 1.031
.424 .065 .293 .555
1.951 .139 1.669 2.232
1.186 .022 1.142 1.230
.991 .022 .946 1.036
direct
1
2
3
4
1
2
3
4
reliabi
1
2
Mean Std. Error Lower Bound Upper Bound
95% Confidence Interval
 
 - 55 -   
7. Alarm type * reliabi * direct
Measure: MEASURE_1
.457 .030 .396 .517
1.508 .141 1.222 1.794
1.066 .024 1.017 1.115
.979 .022 .934 1.024
.520 .091 .334 .705
1.976 .197 1.578 2.374
1.144 .031 1.082 1.207
.977 .032 .913 1.041
.502 .030 .441 .562
1.500 .141 1.214 1.787
1.121 .024 1.072 1.170
1.020 .022 .976 1.065
.328 .091 .143 .513
1.925 .197 1.527 2.323
1.228 .031 1.165 1.291
1.006 .032 .942 1.069
direct
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
reliabi
1
2
1
2
Alarm type
Multiple
single
Mean Std. Error Lower Bound Upper Bound
95% Confidence Interval
 
Pairwise Comparisons
Measure: MEASURE_1
.000 .052 .995 -.106 .105
.000 .052 .995 -.105 .106
(J) Alarm type
single
Multiple
(I) Alarm type
Multiple
single
Mean
Difference
(I-J) Std. Error Sig.a Lower Bound Upper Bound
95% Confidence Interval for
Differencea
Based on estimated marginal means
Adjustment for multiple comparisons: Least Significant Difference (equivalent to no
adjustments).
a. 
 
 
Pairwise Comparisons
Measure: MEASURE_1
-.119* .038 .004 -.196 -.042
.119* .038 .004 .042 .196
(J) reliabi
2
1
(I) reliabi
1
2
Mean
Difference
(I-J) Std. Error Sig.a Lower Bound Upper Bound
95% Confidence Interval for
Differencea
Based on estimated marginal means
The mean difference is significant at the .05 level.*. 
Adjustment for multiple comparisons: Least Significant Difference (equivalent to no
adjustments).
a. 
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Pairwise Comparisons
Measure: MEASURE_1
-1.276* .105 .000 -1.489 -1.063
-.688* .039 .000 -.767 -.610
-.544* .034 .000 -.612 -.476
1.276* .105 .000 1.063 1.489
.588* .108 .000 .368 .807
.732* .101 .000 .528 .936
.688* .039 .000 .610 .767
-.588* .108 .000 -.807 -.368
.144* .023 .000 .098 .191
.544* .034 .000 .476 .612
-.732* .101 .000 -.936 -.528
-.144* .023 .000 -.191 -.098
(J) direct
2
3
4
1
3
4
1
2
4
1
2
3
(I) direct
1
2
3
4
Mean
Difference
(I-J) Std. Error Sig.a Lower Bound Upper Bound
95% Confidence Interval for
Differencea
Based on estimated marginal means
The mean difference is significant at the .05 level.*. 
Adjustment for multiple comparisons: Least Significant Difference (equivalent to no
adjustments).
a. 
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